Chronic excessive caloric intake and physical inactivity lead to energy imbalance, which over time results in overweight and obesity development 1, 2 . The rise in obesity constitutes a continuing global health epidemic and affects both developed and developing countries. In the USA alone, >70% of adults aged 20 years and over are considered overweight (BMI 25.0-29.9 kg/m 2 ), with nearly 38% of that population categorized as obese (BMI ≥30 kg/m 2 ) 3 . These rates have consistently increased since 1988 (ref.
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balance-cancer link increases the ability to alter this association in meaningful ways. The targeting of genetic factors mediating this link facilitates the effective design and optimal delivery of pharmacological interventions. Further, understanding these mechanisms also enables tailored interventions to reduce or eliminate the factors that most strongly drive the association between energy balance and gastrointestinal carcinogenesis.
As part of this Review (which complements the Review by Gunter et al. 10 , focusing on the epidemiological evidence of the obesity-cancer link), we describe the results of energy balance interventions on gastrointestinal cancer risk and on clinical end points among patients with gastrointestinal cancer -specifically cancers of the colon, rectum, oesophagus, stomach, liver and pancreas (we do not provide information on gallbladder cancer but would like to highlight the need for intervention studies with respect to this cancer type, as to date, there is very limited evidence 11 ). Subsequently, we focus on the results from human energy balance interventions, specifically with physical activity or weight loss. These studies help establish a mechanistic understanding from translational and clinical perspectives by testing the effects of energy balance interventions on biomarkers related to the hallmarks of cancer. Finally, we provide evidence from preclinical studies, as available.
Interventions for cancer prevention Chronic positive energy balance resulting in obesity can increase the risk of 16 types of cancer, including cancers of the colorectum, oesophagus, liver, pancreas and possibly stomach 2 . Health behaviour interventions, such as dietary and exercise approaches to maintain or lose weight, seek to improve health and probably concurrently reduce obesity-driven gastrointestinal tumour development and progression. Exercise is defined as a subset of physical activity that is structured, repetitive and planned, with an objective to improve or maintain physical fitness. Although well-designed physical activity interventions have investigated biological mechanisms, no large-scale physical activity trials with the end point of gastrointestinal cancer incidence or adenoma recurrence (as a surrogate measure) have been undertaken to date.
The effects of a dietary intervention on cancer risk were tested in the Women's Health Initiative (WHI) Dietary Modification (WHI-DM) trial, a randomized controlled trial (RCT) of 48,835 postmenopausal women aged 50-79 years in the USA, in which a dietary intervention sought to reduce total fat intake and increase intake of grains, vegetables and fruits 12 . Women enrolled in the intervention group lost a mean of 2.2 kg of weight in the first year and maintained lower weight during 7.5 years of follow-up than women in the control group 13 . Although low-fat dietary intake did not reduce long-term colorectal cancer risk among participants in the intervention versus control group (HR 1.08, 95% CI 0.90-1.29) 12 , findings published in 2018 show that the low-fat dietary intervention led to reduced incidence of pancreatic cancer among individuals who were overweight or obese (HR 0.71, 95% CI 0.53-0.96) 14 .
Observed discrepancies between cancer types might be explained by the limited achieved weight loss (mean 2.2 kg) among members of the study population over a long study period. Further, participants were restricted to postmenopausal women (50-79 years old), a study population with altered hormonal status and older age. Colorectal cancer develops over multiple decades, and thus, an intervention after menopause will probably have limited effects.
Clinical trials among individuals at high risk of gastrointestinal cancer, including individuals who are obese or those diagnosed with Barrett oesophagus, have reported results in the past few years 15, 16 . For example, the effect of an exercise intervention on biomarkers of oesophageal cancer risk was evaluated in the Exercise and the Prevention of Oesophageal Cancer (EPOC) study 17 . This exploratory trial with a 6-month aerobic and resistance exercise intervention (60 minutes for 5 days per week) versus a control group (45 minutes stretching for 5 days per week) was conducted in 33 men with Barrett oesophagus who were inactive and overweight or obese 18 . Results from this study reported that the intervention reduced waist circumference (−4.5 cm; P < 0.01), but there were no statistically significant effects on relevant biomarkers of oesophageal cancer risk (such as leptin, adiponectin, IL-6 and C-reactive protein (CRP)) between groups. Probable explanations for this lack of effect include the brevity of the intervention and the exploratory nature of the study, with a small sample size and limited statistical power. The bodyweight and physical activity intervention (BeWEL) trial tested the effect of a combined exercise and dietary intervention among 329 adults diagnosed with a histopathologically confirmed colorectal adenoma who were overweight or obese, and the study demonstrated substantial weight loss after 12 months (P < 0.001) 19 . Although outcome measures did not include risk of colorectal cancer, these types of studies illustrate the potential for energy balance interventions targeted at high-risk populations to affect future cancer risk 19 . Surgical interventions, another class of energy balance interventions, can not only reduce body weight but also alter biomarkers of cancer risk 20 . Observational studies have evaluated patterns of cancer incidence after bariatric surgery. For example, a comparison of 6,596 patients who were severely obese (BMI ≥35 kg/m 2 ) and underwent Roux-en-Y gastric bypass surgery matched (by gender, age and BMI) to 9,442 individuals who did
Key points
• energy balance interventions, such as physical activity and caloric restriction, can reduce individual cancer risk and prevent gastrointestinal carcinogenesis.
• Intervention trials are instrumental in fully understanding the effects of energy balance on cancer risk, clinical outcomes and underlying biological mechanisms.
• The main mechanistic pathways underlying the obesity-gastrointestinal cancer link include systemic inflammation, metabolic reprogramming and adipose tissue-dependent effects.
• Additional pathways that might have a role are oxidative stress and DnA repair, proliferation, apoptosis and angiogenesis, the gut microbiome and immune function.
• Preclinical studies using both diet-induced and genetically induced obesity models provide supporting evidence to clinical findings.
not undergo surgery reported a decrease in total cancer incidence among the surgical group compared with the no surgery group, which was primarily as a result of decreased incidence of regional to distant stage cancers (HR 0.76, 95% CI 0.65-0.89; P = 0.0006) 21 . In particular, incidence of several obesity-related cancers (including cancers of the oesophagus, pancreas and liver) was found to be 38% lower in the gastric bypass group relative to those in the control group (HR 0.62, 95% CI 0.49-0.78; P < 0.0001) 21 . Not all cancers are equally affected by bariatric surgeries, as one study suggests that bariatric surgery is associated with an increase in colorectal cancer risk over time 22 . A population-based cohort study among individuals with an obesity diagnosis showed a worse rectal cancer prognosis among those who had undergone bariatric surgery; however, weaknesses of the study include the limited sample size (n = 131 patients who were obese and underwent bariatric surgery with colorectal cancer) and the lack of adjustment for tumour stage 23 . Another emerging issue is that alterations in gastro intestinal anatomy resulting from bariatric surgery can lead to different presentation of symptoms, thus making diagnosis of cancer more challenging 24 . In addition to strategies that aim to modify gastrointestinal cancer risk, clinical trials that evaluate specific mechanisms of gastrointestinal cancer risk have been conducted or launched. For example, as referred to later, the A Program Promoting Exercise and an Active Lifestyle (APPEAL) study tested the effects of an exercise intervention on proliferation, apoptosis and prostaglandin levels in the rectal mucosa [25] [26] [27] . Of interest is also the ongoing Microbiome, Exercise Tracking Study (METS) (NCT02780284), which seeks to assess the effect of physical activity interventions on the gut microbiome among 20 individuals at high risk of colorectal cancer. Overall, it is challenging to conduct clinical trials for cancer prevention, as generally, they need to be of a very long duration, are expensive and might need to be targeted to populations with early-stage carcinogenesis. For example, the dietary modification used in the WHI trial showed some, albeit limited, efficacy and was targeted at an older population, in which there might be limited success in disrupting ongoing cancer development. Interventions in high-risk groups (such as those with Barrett oesophagus) are underway yet need to be expanded to achieve sufficient statistical power. Trials testing the effects of bariatric surgeries provide an important line of evidence; however, the studies to date have had major limitations in their study design. Thus, clinical trials that investigate the role of energy balance interventions on obesity-driven cancers of the gastrointestinal tract are still needed to better understand the full potential of dietary and/or exercise weight loss interventions on gastrointestinal cancer prevention.
Interventions after cancer diagnosis
Energy balance interventions, such as caloric restriction or exercise, have demonstrated benefits both during and after treatment for patients with gastrointestinal cancer [28] [29] [30] [31] [32] [33] [34] . The importance of physical activity and diet after colorectal cancer diagnosis has been reviewed by Van Blarigan and Meyerhardt 35 . Although no RCT has been completed to date, there is consistent epidemiological evidence among survivors of colorectal cancer that physical activity substantially decreases risk of mortality by ~50% 35 . In addition, physical activity before and Definitions by the WCRF are as follows: strong convincing evidence is defined as judgement of a convincing causal relationship, which is highly unlikely to be modified in the near future as new evidence accumulates; strong probable evidence is defined as a judgement of a probable causal relationship, which would generally justify goals and recommendations designed to reduce the incidence of a disease; limited-suggestive evidence indicates that there is too limited evidence to allow a judgement of a probable or a convincing causal relationship, but there is evidence suggestive of a direction of effect; limited evidence indicates that there is insufficient evidence to allow a firm conclusion. after diagnosis consistently and convincingly reduces the risk of colon cancer-specific mortality by an estimated 25% and 26%, respectively 36 . A large RCT is currently underway to test whether these effects are causative or possibly attributable to other confounding factors (NCT00819208) 37 . Highlights of ongoing and completed RCTs that seek to test the effects of intentional weight loss via diet and/or exercise interventions on clinical end points among patients with colorectal, oesophageal, gastric or pancreatic cancer are summarized in Table 2 (a more detailed table is provided in  Supplementary table 1) . Particularly important in the cancer setting is the distinction between intentional weight loss and unintentional weight loss, as the latter is generally associated with disease progression. With regard to unintentional weight loss, a study published in 2014 demonstrated that >10% body mass lost before oesophagectomy was associated with worse survival outcomes among patients with oesophageal cancer 38 . Similarly, postoperative unintentional weight loss (≥15%) among patients diagnosed with stage II or stage III gastric cancer was associated with decreased overall survival outcomes 39 . These studies underscore the need to understand the causes of weight loss in studies of clinical outcomes in patients with cancer.
Patients with gastrointestinal cancer can experience substantial treatment-related toxicities and deleterious sequelae (such as cancer-related fatigue, cachexia, functional decline and decreased quality of life (QOL)) when undergoing surgery, chemotherapy, radiation or other treatment modalities 32 . However, consistent evidence has demonstrated the positive benefits of exercise and weight loss interventions on patient treatment and clinical outcomes. A systematic review and meta-analysis analysed the efficacy of resistance training among individuals who had survived cancer and concluded that clinical benefits on body composition and muscular function were positively associated with exercise interventions 32 . The analysis further showed a marginally significant (P = 0.05) effect on reduced cancer-related fatigue measured by the Functional Assessment of Cancer Therapy (FACT) index 32 . Similar improvements in muscle strength and endurance capacities were among the clinical benefits associated with exercise training during colorectal cancer treatment 40 and with survivors of metastatic cancer 28, 33 . In a pilot RCT of 59 patients with oesophageal cancer undergoing neo-adjuvant chemoradiotherapy, walk-and-eat interventionssupervised walking sessions three times per week and weekly nutrition advice -preserved functional walking capacity and nutritional status 29 . Moreover, individuals in the intervention group reported greater weight loss and improvements in physical function, QOL, dietary behaviours and levels of physical activity than those in the control group 29 . For 102 patients with resected pancreatic cancer, RCT results demonstrated that participation in a home-based walking programme for 6 months conferred improvements in fatigue and pain scores, as well as overall physical functioning and health-related QOL, compared with the usual care control group 30 . No differences in overall survival were reported 30 . Clinical trials exploring the effect of intentional weight loss or physical activity interventions in patients diagnosed with primary gastric and/or oesophageal tumours who underwent surgery with curative intent (for example, the Physical Exercise Following Esophageal Cancer Treatment (PERFECT) study; NTR5045) 41 are underway but have not yet been published.
Lifestyle interventions might positively affect postoperative recovery and length of hospital stay for patients with gastrointestinal cancer. A postoperative inpatient exercise study demonstrated that twice daily exercise interventions (including stretching, balance, core and low-intensity resistance exercises) reduced the length of hospital stay for patients with colon cancer in the intervention group (7.82 ± 1.07 days) compared with those who received usual care (9.86 ± 2.66 days) 42 . In particular, patients with high BMI and the metabolic syndrome are at increased risk of postoperative complications. The Adjuvant Exercise for General Elective Surgery (AEGES) prospective case-control study sought to test the effectiveness of an exercise programme in 72 patients with stage I gastric cancer who were diagnosed with the metabolic syndrome 34 . Cho and colleagues 34 reported that patients who participated in a preoperative exercise programme were less likely than patients who did not participate in the programme to experience post-surgical complications (1 patient versus 22 patients; P = 0.008) and had shorter hospital stays (median 9 days versus 10 days; P = 0.038).
Overall, although several studies among patients with gastrointestinal cancer have demonstrated positive associations between energy balance interventions during and/or after treatment and physical function, QOL and other patient-reported outcomes ( Table 2;  Supplementary table 1) , there is a dearth of RCTs evaluating these interventions in relation to patient survival and recurrence of disease. Clinical trials are needed to further establish effect size and causality. The ongoing Colon Health and Life-Long Exercise Change (CHALLENGE) trial (NCT00819208) 37 compares a combined physical activity and general health education programme with a general health education programme only and is expected to provide important answers. Initial results of the programme on physical activity and fitness have been reported and show a substantial increase in recreational physical activity levels and improvement in fitness 1 year after enrolment began 43 .
Results from the overall trial are anticipated in 2029. Further, clinical trials among patients with gastrointestinal cancer that evaluate intervention effects on physical functioning, QoL, cancer-related fatigue and cachexia, among other clinical end points, are needed to better tailor interventions and help create the evidence base for linking energy balance interventions to improved clinical outcomes. Given the rising number of cancer survivors worldwide, there is an increasing need to better address the effect of weight loss interventions in long-term cancer survivorship studies. With regards to bariatric surgery, research studies that focus on the effect of surgical procedures on cancer-specific outcomes, such as survival and recurrence, are warranted.
Biological mechanisms
How the biological mechanisms of interventional approaches, such as intentional weight loss, physical activity, diet, exercise and bariatric surgery, modulate gastrointestinal tumorigenesis is not entirely understood. However, over the past decades, a substantial body of work has defined components that are clear mediators of the energy balance-cancer link, and many of these mediators interact with one or more of the cancer hallmarks 44 ( fig. 1 ). Particularly informative are clinical trials that independently and jointly test the effects of caloric restriction and physical activity (for example, the Nutrition and Exercise in Women (NEW) trial, NCT00470119 (ref.
45
); and the Sex Hormones and Physical Exercise 2 (SHAPE-2) study, NCT01511276
(ref.
46
)). In addition to clinical trials and evidence from nonrandomized intervention studies, mechanisticbased and intervention-based studies in animal models have also provided invaluable insight into the mediators underlying the obesity and gastrointestinal cancer link. Preclinical studies have leveraged experimental animal models of cancer, including genetically engineered mouse and rat models, carcinogen-induced or orthotopically transplanted models and, more recently, patient-derived xenograft models, to elucidate the effects of disrupting the obesity-gastrointestinal cancer link via caloric restriction and exercise interventions 47 . One consideration in the exploration of mechanisms is that malignancies of the gastrointestinal tract arise from distinct tissue origins and therefore represent a diverse set of diseases. However, as molecular sub typing and metabolic characterization of these cancers have advanced, several common as well as tissue-specific features have emerged. These findings inform our collective understanding of the effect of obesity on these cancers and could reveal potential common targets for prevention or treatment. For example, each organ-specific form of gastrointestinal cancer seems to have subtypes that reflect mesenchymal gene signatures, immune cell infiltration or metabolic dysregulation, with additional gene signatures reflective of the epithelial tissue of origin within each distinct subtype (ref.
48
). Likewise, some metabolic features are shared among malignancies of the gastrointestinal tract, whereas others are distinct to the tissue of origin. For instance, increased uptake of glucose and the conversion of glucose to lactate is a common feature of nearly all gastrointestinal cancers despite their differences in epithelial tissue of origin or oncogenic drivers 49 . However, pancreatic tumours exhibit a unique dependency on metabolic pathways for branched-chain amino acids 50 . Finally, studies of colorectal cancer also show that the carcinogenesispromoting effect of excess energy balance might differ between different tumour subtypes, with findings suggesting that a high BMI has a stronger influence on tumour subtypes that maintain better intestinal differentiation 51 . Together, these features have informed our collective understanding of the effect of obesity on these cancers and might also reveal potential common targets for cancer prevention or control.
Tumour-promoting inflammation
Inflammation is considered an enabling characteristic for promoting tumour progression, as nearly all malignant lesions of the gastrointestinal tract contain an immune cell infiltrate 44 . Consistent with this notion, biomarkers of inflammation have been associated with obesity and gastro intestinal cancer in a large number of epidemiological, clinical and preclinical studies [52] [53] [54] . In addition, as described here, evidence from humans and mice supports the premise that intentional weight loss via behavioural interventions, bariatric surgery or pharmacological approaches can reverse some of the obesity-associated changes in certain inflammatory factors, particularly circulating levels of CRP -the most commonly reported inflammatory marker that changes with weight loss. However, it is also clear that the underlying causes, the cellular contributors and the molecular and metabolic factors involved in the obesity-inflammation-gastrointestinal cancer triad are extremely complex.
Adipose tissue has a central role in inflammatory processes. The increased white adipose tissue (WAT) mass (box 1) associated with obesity drives chronic inflammation through at least three established and interacting mechanisms: altered production of secreted inflammatory factors from adipose and other tissues; increased tissue inflammation as measured by crownlike structures and other measures of immune cell infiltration; and adipose tissue remodelling. Results of the effects of interventions modulating these processes are discussed here.
Circulating biomarkers of inflammation. Dietary and exercise interventions can disrupt the energy balancecancer association and potentially decrease circulating levels of inflammatory biomarkers as a cancer-preventive approach 55 . Human studies have contributed largely by testing effects on circulating levels of CRP, IL-6 or other established and stable biomarkers of inflammation 25, [56] [57] [58] [59] [60] [61] [62] [63] . Initially, a 12-month moderate-to-vigorous aerobic exercise intervention conducted among 202 sedentary individuals by Campbell and colleagues reported no changes in CRP levels 56 . By contrast, a subsequent RCT among 115 postmenopausal women found that exercise interventions yielded an increased reduction in CRP levels relative to controls 57 . Improved CRP levels were also reported for women who were overweight or obese enrolled in a dietary weight loss intervention programme 58 . In the most informative trial, Imayama et al. sought to investigate the effects of both exercise and/or a caloric restriction weight loss diet on inflammatory markers among 439 postmenopausal women who were overweight or obese enrolled in the Nutrition and Exercise for Women (NEW) trial 45, 59 . Both dietary and dietary plus exercise interventions led to substantially decreased levels of CRP, serum amyloid A protein (SAA) and IL-6 and a decreased neutrophil count relative to control subjects 59 . For the combined diet and exercise intervention, a 41.7% reduction in CRP was achieved -a decline similar to or even stronger than effects induced by anti-inflammatory pharmacological agents (such as NSAIDs) 59 . Changes in inflammatory markers were consistently seen with greater weight loss, independent of the study arm.
Results from a randomized dose comparison trial of an exercise intervention in 400 healthy postmenopausal women who were inactive did not find differences in circulating inflammatory biomarkers between the two different doses in the exercise arms (300 minutes per week versus 150 minutes per week) 60 . A further post hoc www.nature.com/nrgastro 688 | november 2018 | volume 15
analysis showed a 22% reduction in CRP levels among participants with a self-selected exercise volume of >245 minutes per week versus those exercising <110 minutes per week (P = 0.04) 60 . Additional analyses restricted to exercise time in the target heart rate zone noted similar trends for CRP and IL-6 blood levels 60 . In accordance with these results, findings from the SHAPE-2 study 46 demonstrated that the exercise intervention decreased CRP levels in women (treatment effect ratio (TER) 0.59) compared with the diet intervention (TER 0.77) or controls 63 . IL-6 and TNF are potent inducers of pro-inflammatory and pro-tumorigenic cyclooxygenase 2 (COX2; also known as PTGS2) expression, leading to the production of prostaglandin E 2 (PGE 2 ) 62 . Consequently, COX2 upregulation in tumours is associated with poor clinical outcomes across multiple obesity-driven gastrointestinal cancers 61, 64, 65 . Given this clinical signifi cance and the potential protective effects of exercise on the colon via modulation of prostaglandin production, a year-long RCT evaluated the effects of aerobic exercise intervention among 185 healthy participants 25 . Results from the APPEAL study showed no changes in prostaglandin concentrations (PGE2 and PGF 2α ) directly in the colonic mucosa with the intervention; however, the assay to measure prostaglandin levels was technically challenging 25 . In addition to caloric restriction and exercise interventions, the literature suggests that surgical weight loss methods can consistently and strongly reduce levels of systemic inflammatory biomarkers [66] [67] [68] [69] . Taken together, the results from these clinical and preclinical studies 55, 70, 71 provide proof of principle that weight loss interventions following chronic obesity can modulate tumour-promoting systemic inflammation.
Adipose tissue tumour microenvironment. The interactions between an evolving tumour and its microenvironment, such as adipose tissue, are known to involve a complex interplay among multiple cells, local and systemic secreted mediators and other components [72] [73] [74] . Cross-sectional studies have investigated the adipose tumour microenvironment, its effects on tumour progression and characteristics in patients with cancer who are overweight or obese 74 . Adipose-driven processes, including increased inflammation and the production and secretion of adipokines, are hypothesized to alter cancer cell metabolism and affect the cancer-promoting processes of invasion, metastasis and immune clearance 74 . The role of adipose tissue as an organ that drives carcinogenesis in a paracrine, as well as endocrine, function is just beginning to be untangled. The importance of adipose tissue in cancer development and progression depends on its type and related function ( fig. 2) . Visceral adipose tissue (VAT) is generally more bioenergetically active than subcutaneous adipose tissue (SAT), and obesity-driven excess of VAT has been associated with an increased risk of several gastrointestinal cancers 74 (box 1).
Energy balance interventions have been increasingly focused on investigating the effects of either weight loss or exercise directly on abdominal SAT as a target tissue 75 . A review published in 2017 summarized the result of 19 studies: eight modified dietary intake, five altered exercise levels, and six studies tested a combination of both types of intervention 75 . Changes in SAT were most prevalent among studies testing dietary weight loss 75 . The most commonly observed changes were reductions in gene expression levels of leptin (which can be considered a positive control, as leptin levels are positively linked to fat mass) 76 , TNF and IL-6. Simultaneously, adiponectin expression was increased 75 . For exerciseonly studies, there were limited changes in SAT gene expression 75 . An ongoing study is testing the effects of different types of dietary weight loss (continuous caloric restriction versus intermittent fasting) on SAT gene expression among individuals who are overweight (HELENA trial; NCT02449148) 77 . An intervention study evaluated RNA biomarkers of brown-like adipocyte (brite, or beige) cellular formation from subcutaneous WAT biopsy samples from 79 women who were overweight or obese and demonstrated that caloric restriction and weight loss were associated with SAT remodelling towards a whiter adipocyte phenotype 78 . In one of the first studies among cancer survivors (n = 39 individuals who had survived non-metastatic colon cancer), Brown et al. 79 observed that aerobic exercise led to a dose-response reduction in VAT levels, an emerging driver of tumorigenesis. Adipose tissue gene expression was not evaluated.
Overall, a clear picture emerges that inflammation is a central pathway driving gastrointestinal carcinogenesis and that energy balance interventions, particularly those that result in weight loss or exercise at the target rate, can have a substantial positive effect on an individual's inflammatory state. Thus, this pathway has been central to elucidating clear mediators of the energy balance-cancer link ( fig. 1 ). Adipose tissue is emerging
Box 1 | Adipose tissue compartments and their role in disease
The components of adipose tissue are specific to the species, developmental stage and anatomic location. broadly, adipose tissue compartments can be classified into white adipose tissue (WAT), brown adipose tissue (bAT) and beige (or brite) adipose tissue.
BAT and beige adipose tissue • Thermogenesis is a central metabolic function of these tissues
• bAT functions as a defence against obesity and obesity-associated disorders, such as type 2 diabetes
WAT
• WAT is the key adipose tissue compartment with respect to energy storage • Increased WAT mass (obesity) perturbs the immune balance of adipose tissue and increases chronic systemic inflammation • WAT can be further subdivided into visceral adipose tissue (vAT) and subcutaneous adipose tissue (SAT)
VAT and SAT
• vAT is bioenergetically and lipolytically more active than SAT owing to higher mitochondrial density and activity, particularly among individuals who are overweight or obese • Disease risk and prognosis is most strongly correlated with WAT and/or vAT across multiple tumour types, including cancers of the oesophagus and colon • vAT and SAT differ by cellular structure, molecular composition and secretome • vAT and SAT have differential effects on gastrointestinal cancer risk because of their distinct body compartment localization as a key player with biological responsiveness to weight loss, and it will be important to discover whether both the paracrine and endocrine functions of adipose tissue are drivers in gastrointestinal carcinogenesis 74 .
Adipokines and steroid hormones
Obesity-driven dysregulation of adipose tissue results in adverse interactions between various adipokines and sex and steroid hormones. Although the effects of diet and/or exercise interventions on hormonal regulation have been well studied in sex-specific cancers (such as tumours of the breast and prostate), few studies have investigated these effects in gastrointestinal cancers [80] [81] [82] . Adipokines are adipose-derived peptide hormones (such as leptin or adiponectin) and cytokines (such as IL-6 or TNF) 83 . Leptin regulates appetite, food intake and body weight 76 . The development of obesity seems to lead to leptin resistance in peripheral tissues that is similar to insulin resistance in type 2 diabetes, which then promotes appetite and increases food intake 76 . Adiponectin acts as the counterpart of leptin and plays an important role in energy homeostasis and lipid and glucose metabolism 76 . For example, the genetic ablation of adiponectin in mice can increase apoptosis, whereas the overproduction of adiponectin can decrease caspase 8-mediated cell death 84 . In addition to promoting cell survival, systemic effects of adiponectin include decreasing inflammation and promoting insulin sensitivity 84 . Obesity-related dysregulation of adipokines has been shown to promote tumour development, progression, angiogenesis and metastasis 85 . Although leptin seems to promote tumour-related processes, including those brought about by the production of reactive oxygen species (discussed later) and altered immune and inflammatory responses, adiponectin seems to inhibit these same pathways and therefore prevents cancer development and progression 85 ( fig. 2 ). The secretion of adipokines and cytokines by adipose tissue creates a para crine loop between adipocytes and inflammatory cells (such as macrophages and lymphocytes) that contributes to obesity-related, chronic low-grade inflammation (described earlier). In patients with colorectal cancer, leptin has been shown to promote mitogenic and anti-apoptotic pathways that are involved in carcinogenic processes, although a clear picture of the mechani stic role of leptin in tumour angiogenesis has not been fully established 83 . The protective role of adiponectin might be exerted either by directly affecting signalling pathways involved in cancer cell growth and proliferation or by indirectly regulating whole body insulin sensitivity through altered hormone and cytokine levels 83 . Several studies have investigated the effect of weight loss interventions on circulating levels of adipokines, particularly leptin [86] [87] [88] [89] [90] [91] [92] . In the NEW trial, circulating levels of adiponectin increased by 9.5% in the diet group (P ≤ 0.0001) and 6.6.% in the combined diet and exercise group (P ≤ 0.0001) versus the control group 86 . Relative to the control group, all intervention groups experienced substantial decreases in circulating leptin levels 86 . For adiponectin, these results are consistent with another intervention study that compared the effects of caloric restriction only with an exercise plus caloric restriction intervention 92 . After 20 weeks, the two intervention groups had different changes in levels of plasma adiponectin (P = 0.014). Plasma adiponectin levels were significantly increased (P = 0.0001) among the 48 participants in the combined intervention group but were unchanged among the 22 individuals in the caloric restriction-only group 92 . Overall, studies have consistently shown that adiponectin is inversely associated, and leptin is directly associated, with the degree of weight or fat mass loss 86, 87, 89, 90 . Systemic changes in adipokine levels as a result of weight loss interventions among patients with gastrointestinal cancer might be linked to cancer outcomes. Direct evidence testing these effects is being generated in clinical trials.
Limited research is available on the effect of weight loss interventions on the expression of adipokines in adipose tissue 75 . Studies in individuals who are obese have shown that diet-only interventions lead to reduced leptin expression with weight loss in SAT [93] [94] [95] [96] . With regard to exercise-only interventions, a mixed aerobic and resistance intervention surprisingly led to an increased expression of leptin compared with decreased leptin expression in the control group 97 or the aerobiconly group 93 . No changes in leptin expression levels were reported in a study of aerobic exercise 94 or another study of resistance exercise only 98 . Overall, most results indicate that diet-only, exercise-only and combined diet plus exercise interventions trigger increased circulating levels of adiponectin 75 . As demonstrated by Sjostrom and colleagues in studies of Swedish individuals who were obese, bariatric surgery is associated with reduced overall cancer mortality and has a sustained effect on circulating adipokines 99, 100 . Other studies have corroborated this evidence that bariatric surgery can decrease circulating leptin levels and correspondingly increase levels of circulating adiponectin 101, 102 . However, exploratory studies that have evaluated the effect of bariatric surgery on adipose tissue gene expression have yielded inconsistent findings 103, 104 .
Results from these studies have demonstrated either increases in adiponectin expression levels in SAT 2 weeks after surgery (P = 0.007) 104 or have reported no statistically significant changes in adiponectin expression in SAT (P = 0.069) 103 . Inconsistent results might be due to the inclusion of patients undergoing different types of bariatric surgery (such as gastric sleeve versus laparoscopic band surgery), heterogeneity among patients in their weight loss and adipose tissue distribution following the procedure and differences in sample collection procedures 105 . In addition, although some patients undergoing bariatric surgery experience a substantial overall weight reduction, this effect does not necessarily correspond to loss of excess fat from adipose tissue compartments.
Sex hormones, a subgroup of steroid hormones, have been reported to modify the risk of several cancers, particularly sex-specific tumour types. Interestingly, for colorectal cancer, oestrogen has been consistently shown to be antitumorigenic, particularly in postmenopausal women [106] [107] [108] [109] . Data from 16,808 postmenopausal women enrolled in the WHI clinical trial showed that combined oestrogen-progestin hormonal therapy significantly reduced the incidence of colorectal cancer by 44% (P = 0.014) 109, 110 . Results for gastric cancer are inconclusive but tend to show that oestrogens might also decrease gastric cancer risk 111 . At the same time, there is limited evidence from clinical trials that sex hormones (such as oestrogen, progestin or testosterone) have a role in the development of other gastrointestinal cancers, including cancers of the oesophagus, pancreas or liver [112] [113] [114] [115] ; a possible explanation is that these cancer types occur predominantly in men.
Multiple studies have shown that intentional weight loss reduces sex hormone levels, including oestrone, oestradiol, androstenedione and dihydrotestosterone [116] [117] [118] , and increases sex hormone-binding globulin levels [119] [120] [121] . These studies have been predominantly conducted in cohorts of postmenopausal women. However, considering that oestrogen is preventive against colorectal cancer, this mechanistic pathway is unlikely to have a role in explaining an increased risk of obesity-driven colorectal cancer or the reverse protective association with physical activity and is not further considered here.
Experimental studies in rodent models of gastrointestinal cancer report inconsistent results, as data show both inhibition and promotion of cancer cell growth with hormonal therapies [122] [123] [124] . Findings from a mouse model published in 2017 suggest that individual differences in oestrogen receptor-α (ERα; also known as ESR1) and ERβ expression affect whether oestradiol has proinflammatory or anti-inflammatory effects in the colon, with this effect also probably occurring in other gastrointestinal tract tissues 123 . The strain of mouse or rat used and their underlying genetic differences in sex hormone metabolism might also contribute importantly to the observed differences in response to hormonal therapies 124 .
Obesity-driven metabolic reprogramming
The deregulation of cellular energetics is an emerging hallmark of cancer. Reduced dependence on mitochondrial respiration and increased aerobic glycolysis to generate substrate for the demands of rapid cell proliferation are common characteristics of gastrointestinal cancer cells 49 . Associated with this shift, which is termed the Warburg effect, is also an increased dependence on adequate systemic levels of glucose and other nutrients, similar to obesity-driven metabolic reprogramming 49 . Thus, the systemic metabolic alterations that result from obesity or energy balance-related interventions, such as caloric restriction or exercise, can influence cancer cell-intrinsic metabolism. Findings also suggest concomitant metabolic changes in stromal cells in the microenvironment, particularly cancer-associated fibroblasts, that contribute energy-rich fuels (such as pyruvate, fatty acids and lactate) to drive mitochondrial oxidative phosphorylation of cancer cells during periods of high ATP demand 125 . This two-compartment coupling of cancer cell metabolism, in which signals from cancer cells drive aerobic glycolysis in neighbouring stromal cells for the generation of substrate used by the cancer cells for efficient energy production, is termed the reverse Warburg effect; systemic metabolic perturbations also influence this effect 126 . Efforts are underway to exploit vulnerabilities associated with these cancerassociated metabolic alterations, and interventions aimed at limiting glucose availability, such as ketogenic diets or pharmacologic approaches such as glycolytic inhibitors and mitochondrial-targeted therapeutics, are under investigation 125, 126 . Changes in systemic metabolic factors, including high levels of circulating insulin and insulin-like growth factor 1 (IGF1), are probably key players in colorectal, pancreatic and other gastrointestinal cancers. In overall results from the NHANES, BMI and total circulating IGF1 levels were found to be inversely related 127 . However, IGF1 bioavailability is complicated by the presence of at least seven IGF-binding proteins, and thus levels of bioavailable IGF1 were not assessed. An early study noted reduced IGF1 levels associated with physical activity and dietary interventions 128 , and these findings were corroborated by Nemet et al. 129 . Circulating insulin levels were also found to be inversely associated with negative energy balance via exercise training 88, 130 . Insulin also induces fatty acid synthase (FAS) expression, a key enzyme of de novo lipogenesis, in adipocytes 131, 132 . Ortega and colleagues reported that the expression of main lipogenic enzymes, including FAS, was downregulated in VAT from 188 patients who were obese and undergoing elective surgical procedures 133 . However, the link between lipid anabolism pathways in adipose tissues and metabolic status, particularly among obesityrelated gastrointestinal cancers, remains incompletely understood. In the study by Friedenreich and colleagues including 320 postmenopausal women, aerobic exercise interventions did not change circulating levels of IGF1 and IGF-binding protein 3 (IGFBP3) 88 . These findings are consistent with those from the combined dietary and/or exercise weight loss interventions in the NEW trial, although the IGF1-IGFBP3 ratio increased in the diet (5.0%) and combined diet and exercise (5.4%) groups relative to the control group 134 . In preclinical models, increased circulating levels of insulin and decreased levels of IGFBP1 via excess energy balance have been shown to promote carcinogenic cell growth, as these growth factors have a central role in cell proliferation and apoptotic processes 135 ( fig. 3) .
Preclinical weight loss studies have also reported reduced epithelial cell proliferation and formation of new blood vessels, accompanied by a pro-apoptotic environment that is modulated via suppression of the mechanistic target of rapamycin (mTOR) signalling network 136 ( fig. 3 ). Strong evidence from preclinical studies has emerged to demonstrate that caloric restriction reduces obesity-related hyperactivation of mTOR complex 1 (mTORC1) in multiple tissues, including colon, pancreas and liver, in obese mice 55 , with diet and/or exercise interventions in mice and rats supporting these findings 137, 138 . Exercise interventions in mice also demonstrated decreased kinase activity of mTOR in tumours of the liver 139 , suggesting that energy balance interventions have the potential to decrease tumour cell proliferation via the mTOR signalling pathway.
Results from the NEW RCT also demonstrated that, relative to individuals in the control group, whole body insulin resistance (measured using the homeostatic model assessment (HOMA) index) decreased an additional 22% and 24%, respectively, among individuals who were overweight or obese and who underwent either dietary weight loss and/or exercise interventions, regardless of age 140, 141 . These findings are corroborated by several studies, including work by Friedenreich and colleagues, who found that a year-long aerobic exercise intervention among 320 postmenopausal women who were inactive and cancer-free was associated with a decrease in insulin resistance 88 . Similarly, Le and colleagues also reported improvement in insulin sensitivity among 245 women who were overweight or obese after a year-long dietary weight loss RCT 58 . In particular, women who were insulin sensitive were those with the greatest changes in weight loss 58, 142 . Mechanisms linking the insulin-IGF1 axis to improved survival among physically active patients with colorectal cancer have also begun to emerge 35 . In an exploratory analysis, Hanyuda et al. reported that the association of post-diagnosis physical activity with survival in patients with colorectal carcinoma might differ by tumour insulin receptor substrate 1 (IRS1) expression level 143 . Further, Brown and colleagues reported in 2017 that aerobic exercise interventions reduced fasting insulin concentrations and insulin resistance levels in patients who had survived colon cancer 144 . Taken together, the evidence presented here positions the insulin-IGF1 axis as a central link between obesity and gastrointestinal cancers. Research in this area will continue to shed light on the positive mediating effects of dietary and weight loss interventions on cancer risk and outcomes.
Proliferation, apoptosis and angiogenesis
The mechanisms of cellular homeostasis, including proliferation, apoptosis and angiogenesis, are intricately regulated in the gastrointestinal tract. Imbalances between cell division, growth and death mechanisms are directly related to energy availability and obesity and can affect both adipose tissue formation and accumulation of cell mass for a clinically detectable cancer 74 
(figs 1,2).
The few existing interventional studies related to gastrointestinal cancer that include markers of proliferation, apoptosis and/or angiogenesis are further elaborated upon below. Cellular proliferation. Given that insufficient apoptosis or increased proliferation can shift the colon crypt cell equilibrium, leading to polyp and tumour formation, a 12-month exercise intervention RCT with 202 healthy, sedentary participants evaluated the effects of exerciseinduced colon crypt proliferation via quantification of Ki-67-stained cells in colonic mucosal crypts. The aerobic exercise intervention of moderate-tovigorous intensity led to a reduction in colon crypt cell proliferation among men, whereas no corresponding proliferative changes were detected among women. Preclinical studies to date have corroborated a reduction in proliferation associated with interventions, as negative associations between caloric restriction and cell proliferation have been reported in murine models of colon carcinogenesis and in murine liver cell models [145] [146] [147] [148] . Fig. 3 | The insulin-insulin-like growth factor axis and adipose tissue-derived adipokine signalling in cancer. Excess energy balance promotes cell proliferation, angiogenesis and an anti-apoptotic environment by increasing circulating levels of insulin and bioavailable insulin-like growth factor (IGF) (via the mechanistic target of rapamycin (mTOR) and mitogen-activated protein kinase (MAPK) signalling pathways) and dysregulating adipokine expression (via nuclear factor-κB (NF-κB) signalling). AKT, RAC serine/threonine-protein kinase; EGF, epidermal growth factor ; IGF1R , insulin-like growth factor 1 receptor ; IR , insulin receptor ; IRS, insulin receptor substrate; JAK , Janus kinase; MAPKK , dual specificity mitogen-activated protein kinase kinase; MAPKKK , mitogen-activated protein kinase kinase kinase; PI3K , phosphoinositide 3-kinase; RAS, GTPase RAS; STAT, signal transducer and activator of transcription.
Bariatric surgical procedures (such as Roux-en-Y gastric bypass or jejunoileal bypass) have been found to lead to increased levels of cellular proliferation in the rectum 145, [149] [150] [151] . However, sleeve gastrectomy has not been associated with hyperproliferation in the rectal mucosa among individuals who are morbidly obese 149 . These differential effects of surgery type on rectal cell hyperproliferation have been linked to differences in sustained expression of cell proliferation-related and inflammatory genes in the rectal mucosa 149 .
Apoptosis.
A large trial with more than 200 sedentary participants tested the effects of moderate-to-vigorous intensity exercise for 12 months on expression of the apoptosis-regulating proteins apoptosis regulator BCL-2 and apoptosis regulator BAX 26 . This unique investigation showed that the exercise intervention resulted in increased expression of these proteins at the bottom of colon crypts in men (P = 0.05) and decreased expression of these proteins in the middle of crypts among women (P = 0.03) 26 . For both men and women, weekly minutes of exercise were inversely associated with BAX staining density in the middle of colon crypts (P-trend = 0.03) 26 . There is no good explanation for these sex-specific results at this time. Rates of apoptosis have also consistently been reported to be related to dietary restriction in preclinical colon and breast cancer models, as in vivo experiments evaluating energy restriction and tumour growth have noted the induction of a pro-apoptotic state mediated by the mitochondrial pathway of caspase activation 146, 147, 152 .
Angiogenesis. The formation of new blood vessels is required to supply cells with oxygen and nutrients and to remove products of metabolism 153 . To evaluate the effects of energy balance interventions on circulating levels of angiogenic factors, Duggan and colleagues randomized 439 postmenopausal women who were overweight or obese to diet and/or exercise regimens or a control group 154 . Both exercise and diet interventions led to a reduction in circulating concentrations of the angiogenic protein vascular endothelial growth factor (VEGF) at a 30-month follow-up point, with greatest effects observed among participants in the exercise intervention group relative to the control group (−19.7% versus −4.5%). Consistent with previously published results, women who maintained weight loss (>10% of baseline body weight) had markedly reduced circulating levels of VEGF and increased circulating levels of pigment epithelium-derived factor (PEDF), an antiangiogenic protein 155, 156 . Among 79 individuals who were obese but otherwise healthy, diet-induced and/or exercise-induced weight loss was associated with decreased levels of VEGFA and angiopoietin and increased concentrations of angiopoietin-related protein 4 (ANGPTL4) 157 . Sabater and colleagues reported that weight loss via a dietary regimen led to significantly decreased circulating PEDF (P < 0.0001) and that insulin sensitivity independently contributed to 14% of the variance in PEDF levels (after controlling for BMI, age and fasting triglycerides) 158 . Reduced caloric intake can also result in antiangiogenic gene expression patterns in adipose tissue 157 . Mouse models have largely reflected clinical findings, in which caloric restriction has been shown to relate to decreased vascularization of tumours 159, 160 . Together, substantial evidence has emerged from clinical and preclinical studies to support the axiom that the fundamental processes of cellular proliferation, death and angiogenesis are important mediators of the obesity-gastrointestinal carcinogenesis axis that can be perturbed via exercise and dietary weight loss interventions.
Oxidative stress, DNA repair and telomere length. Gastrointestinal cancer-driven metabolic reprogramming affects the manner by which nutrients are taken up into cells, as well as the propensity for particular energy substrates 161 . Key mediator pathways found to be linked to both energy imbalance and gastrointestinal carcinogenesis include oxidative stress, DNA repair and telomere length 162 ( fig. 1 ). Intervention studies have reported that obesity is linked to genomic integrity via mechanisms of oxidative stress 163 . Moreover, physically active adults have reduced exercise-induced oxidative stress and improved antioxidant defence capacities 164 . Many studies have reported that exercise interventions either reduce [165] [166] [167] [168] [169] or have no effect 170, 171 on levels of oxidative stress markers (such as 8-hydroxy-2′-deoxyguanosine, 8-iso-prostaglandin F 2α and F2-isoprostane) among individuals who are overweight and obese and have reported decreased levels of oxidative stress measured among individuals who survived cancer 172 . Although increased BMI is also known to be related to deficiencies in DNA mismatch repair 173 , a causal link between dietary and exercise interventions and effects on DNA repair machinery has not been well established. Results from intervention studies on DNA repair capacity are limited to the NEW trial, which observed no changes in DNA repair capacity with dietary and/or exercise interventions 174 . The length of telomeres is an important criterion of proliferative potential in tissue, and shorter telo meres are associated with increased adiposity 175 . Intervention studies within the NEW trial reported no changes in telomere length with dietary and/or exercise inter ventions. However, limitations of the assay used to measure telomere length were noted 174, 176 . Nevertheless, earlier studies reported that caloric restriction among adolescents who were overweight or obese was associated with increased telomere length 177 . Preclinical models support these findings 178 , suggesting that energy balance interventions can increase telomerase activity and the expression of telomere-stabilizing proteins to protect against apoptosis ( fig. 1) . Thus, these pathways are emerging as potential links between energy balance and gastrointestinal carcinogenesis.
Other emerging factors. Obesity is associated with reduced gut bacterial diversity 179 , including decreased butyrate-producing bacteria 180 and decreased production of anti-inflammatory short-chain fatty acids, including butyrate 181 . Such changes in microbiome diversity and metabolites can contribute to pro-inflammatory signals in the gastrointestinal tract and possibly in distant tissues 182 . Moreover, consumption of a high-fat diet can impair gut barrier function, resulting in higher plasma levels of lipopolysaccharide (LPS), a component of Gram-negative bacteria 183 . LPS induces metabolic endotoxaemia, which is associated with increased pro-inflammatory cytokine expression and infiltration of macrophages in adipose tissue 184 . In a randomized crossover trial of 50 Danish adults, two 8-week dietary intervention periods consisting of a refined grain diet and a whole grain diet (separated by a washout period of >6 weeks) did not alter the gut microbiome nor insulin sensitivity but did reduce systemic inflammation, as measured by serum IL-6 and CRP levels 185 . Therefore, although evidence to date is insufficient, obesity-related gut microbial dysbiosis and impaired barrier function might contribute to chronic systemic and adipose tissue inflammation, as well as to mechanisms of gastrointestinal carcinogenesis 186 . Further, this increased metabolic potential of the microbiome is transmissible between individuals. A case report published in 2015 observed that a patient with a Clostridium difficile infection who was successfully treated with faecal microbiota transplantation from a healthy donor who was overweight developed new-onset obesity (pre-treatment BMI 26 kg/m 2 versus 16-month post-treatment BMI 33 kg/m 2 ) 187 . Preclinical evidence supports this hypothesis, as colonization of a germ-free mouse with the microbiota of an obese (versus lean) mouse leads to greater fat mass gain independent of calorie consumption 179 . Gut hormones are also emerging mediators of the obesity-gastrointestinal cancer association, as ghrelin, a hormone produced in the fundic glands of the stomach, can inhibit the production and/or expression of pro-inflammatory cytokines in addition to promoting fat storage and mediating fatty acid metabolism 188 . Prospective studies have demonstrated that decreased ghrelin expression can increase oesophageal and gastric cancer risk 189, 190 . A cross-sectional study of 159 healthy, inactive, postmenopausal women recruited for an exercise intervention observed that frequent intentional weight loss of >10 lb (>4.5 kg; indicative of weight cycling) was associated with increased ghrelin concentrations 191 . Results from an RCT support these associations, as a combined dietary weight loss and exercise intervention resulted in the strongest increase (7.4%) in fasting plasma ghrelin levels among postmenopausal women who were overweight or obese compared with exercise or diet intervention only 91 . Bi-directional crosstalk between ghrelin and hormones involved in energy regulation (such as adiponectin, leptin and insulin) further emphasizes the importance of this pathway in the role of obesity-related gastrointestinal carcinogenesis 192 . An emerging hallmark of cancer is the ability of tumour cells to evade immunological destruction, particularly by macrophages, natural killer (NK) cells and B and T cells 44 . Exercise can directly alter several cell subsets that are involved in innate and adaptive immune function via structural damage in muscle fibres, and this damage can trigger a pro-inflammatory immune response that is mediated by pro-inflammatory cytokines (such as TNF and IL-1β) and characterized by increased monocyte and macrophage counts [193] [194] [195] . Exercise might alter important steps of the immune system-tumour interaction, although short-term and long-term effects need to be distinguished 193 . Particularly challenging in this field is the limited availability of meaningful biomarkers of immune function that can be reliably measured. An RCT among 115 postmenopausal women who were overweight or obese reported no effect of 12 months of aerobic exercise on in vitro immune function, as measured via immune markers (NK cell cytotoxicity, T cell proliferation, immune cell counts and phenotypes, and serum immunoglobulins) 196 . A dietary intervention RCT of 91 women who were obese demonstrated that weight loss was associated with a decrease in mitogenstimulated lymphocyte proliferation, a component of innate and adaptive immunity, but not NK cell cytotoxicity 197 . Similar effects were noted in preclinical studies, as dietary interventions altered the peripheral immune system, as measured by the percentage of lymphocyte subpopulations in peripheral blood 198 . Mechanisms linking immunity to obesity include the role of adipose tissue-driven inflammatory response, as discussed earlier, given that leukocytes are found in adipose tissues 199, 200 . Exercise-mediated normalization of vasculature in the tumour microenvironment might improve immune infiltration 201 . In preclinical models, the presence of infiltrated macrophages in the adipose tissue of diet-induced obese mice has generated interest into the molecular dynamics of immunometabolism 202 . Sufficient evidence does not yet exist to fully understand the complex and multifaceted interaction between exercise, the inflammation-immune axis and tumour progression 193 . Nonalcoholic fatty liver disease (NAFLD), a chronic disease in which free fatty acids and triglycerides accumulate in the liver, is a risk factor for hepatocellular carcinoma 203 . Systemic and liver-specific molecular mechanisms involved in NAFLD and hepatocellular carcinogenesis include alterations in cellular lipid metabolism and insulin resistance 203 , which might be altered by dietary interventions (such as caloric restriction or the Dietary Approaches to Stop Hypertension (DASH) diet) and aerobic or resistance exercise weight loss interventions [204] [205] [206] [207] [208] . For example, an RCT of 220 patients with central obesity and NAFLD reported statistically significant reductions in body weight and intrahepatic triglyceride content in the vigorous-moderate exercise group (150 minutes per week jogging at 65-80% maximum heart rate for 6 months and 150 minutes per week brisk walking at 45-55% maximum heart rate for another 6 months) and in the moderate exercise (150 minutes per week brisk walking for 12 months) group relative to the control group at both 6-month and 12-month followup time points 209 . Systematic reviews and meta-analyses have consistently reported that intervention trials of diet and/or exercise led to reductions in steatosis and/or markers of NAFLD activity, including serum levels of liver enzymes, with combination trials demonstrating the greatest efficacy 204, [210] [211] [212] . The mechanisms that are responsible for the perturbation of the obesity-NAFLD link via exercise and diet interventions are continuing to be explored.
The cancer stem cell (CSC) hypothesis postulates that tumours originate through dysregulation of the normal cell self-renewal process 213 , resulting in the aberrant replication and differentiation characteristic of a variety of gastrointestinal tumours [214] [215] [216] [217] . Although not fully understood, evidence suggests an association between CSCs, also known as tumour-initiating cells, and obesity 218, 219 . Obesity might promote the mobilization and recruitment of circulating progenitor cells to pathological sites; a study by Bellows et al. of peripheral blood mononuclear cells from individuals who were diseasefree showed that 14 individuals who were obese had a fivefold higher frequency of circulating progenitor cells (P = 0.0019) and a tenfold higher frequency of circulating mesenchymal stromal progenitor cells (P = 0.0021) than 12 individuals who were not obese 219 . Clinical and preclinical diet and/or exercise intervention studies are needed to further unravel the CSC-obesity link.
Conclusions
In light of the vast challenge of the obesity epidemic worldwide and an increasing number of gastrointestinal cancers being attributed to obesity, there is a continued need for research in this area to understand the distinctions between fitness versus fatness and effective mechanisms for disrupting the obesity-cancer link. Physical activity has emerged as a factor that might be effective in the prevention of gastrointestinal tumours independent of effects on body weight, although largescale intervention studies that evaluate the effect of physical activity in relation to primary gastrointestinal tumour incidence or recurrence are still needed. Similarly, with increasing numbers of cancer survivors worldwide, and the need to provide evidence-based recommendations to clinicians and patients, we need to continue progress on long-term cancer survivorship studies that test the effect of physical activity and/or dietary weight loss interventions on patient-reported outcomes and physical functioning, as well as on survival and recurrence of disease. For example, although physical activity is emerging as a powerful means to improve cancer-related fatigue, we do not yet have interventions that are easily implemented within the clinic flow and that will be reimbursed by insurance -both of which are factors that are instrumental for clinical translation. In addition, with bariatric surgery having an increasing role in obesity reduction, further research should focus on the effects of different types of surgical procedures and their effect on biomarkers of cancer risk and incidence.
Finally, sex-specific differences of the effects of energy balance interventions on gastrointestinal cancers need to be defined. Cumulative data from meta-analyses of prospective studies highlight stronger associations between BMI and gastrointestinal cancer in men than in women, specifically for colorectal cancer 220 . However, there is a dearth of data on the different effects of weight loss inter ventions on males and females with regard to gastro intestinal cancer risk, as well as post-diagnosis outcomes.
Many biological mechanisms have a role in mediating the effects of energy balance on gastrointestinal cancer. We have illustrated above how human intervention studies have shed light on the 'black box' that links the broad concept of energy balance to cancer risk, with preclinical models supporting these mechanistic relationships. Strong evidence implicates systemic inflammation and insulin resistance pathways, whereas adipose tissuedependent effects, changes in immune function, effects on CSCs and changes in the microbiome might also mediate the effects of energy balance on gastrointestinal cancers. Although we have strong evidence for the effect of weight loss interventions on certain cancer-associated pathways including insulin signalling, adipokines and inflammation, the crosstalk between these pathways is not clear. Multi-omic investigations discerning pathways and interrelationships with proofs of principle (via clinical and/or preclinical testing) on how to effectively disrupt these effects are probably needed to advance the field. As bariatric surgery continues to develop as a possible cancer prevention and control intervention, a comprehensive understanding of the mechanisms underscoring the mechanistic perturbations associated with surgical interventions for weight loss is a pre-requisite to evaluating whether those effects can be mirrored via non-surgical energy balance interventions.
In terms of new areas of research, adipose tissue is emerging as a paracrine driver of obesity-associated tumours; understanding the role of the adipose tissuetumour microenvironment and crosstalk between the two could provide novel opportunities for intervention. Similarly, we are just beginning to understand the role of the gut microbiota in energy balance and cancer risk and avenues for intervention, and as such, evaluable biospecimens (such as faecal samples) should be collected in human studies -and appropriate animal models developed -to advance the field. Finally, there is tremendous heterogeneity across cancers, and most of the mechanisms discussed as part of this Review are probably effective for only a subset of gastrointestinal tumours. We are also just beginning to understand the potential interplay between tumour characteristics and energy balance mechanisms, and we need to build on this emerging evidence by stringent molecular characterization.
